Effect of steriles states on lepton magnetic moments and neutrinoless
  double beta decay by Abada, A. et al.
LPT Orsay 14-35
PCCF RI 14-05
September 24, 2018
Effect of steriles states on lepton magnetic moments and
neutrinoless double beta decay
A. Abadaa, V. De Romerib and A.M. Teixeirab
a Laboratoire de Physique The´orique, CNRS – UMR 8627,
Universite´ de Paris-Sud 11, F-91405 Orsay Cedex, France
b Laboratoire de Physique Corpusculaire, CNRS/IN2P3 – UMR 6533,
Campus des Ce´zeaux, 24 Av. des Landais, F-63177 Aubie`re Cedex, France
Abstract
We address the impact of sterile fermion states on the anomalous magnetic moment of
charged leptons, as well as their contribution to neutrinoless double beta decays. We illustrate
our results in a minimal, effective extension of the Standard Model by one sterile fermion
state, and in a well-motivated framework of neutrino mass generation, embedding the Inverse
Seesaw into the Standard Model. The simple “3+1” effective case succeeds in alleviating the
tension related to the muon anomalous magnetic moment, albeit only at the 3σ level, and for
light sterile states (corresponding to a cosmologically disfavoured regime). Interestingly, our
analysis shows that a future 0ν2β observation does not necessarily imply an inverted hierarchy
for the active neutrinos in this simple extension. Although the Inverse Seesaw realisation here
addressed could indeed ease the tension in (g − 2)µ, bounds from lepton universality in kaon
decays mostly preclude this from happening. However, these scenarios can also have a strong
impact on the interpretation of a future 0ν2β signal regarding the hierarchy of the active
neutrino mass spectrum.
1 Introduction
Extensions of the Standard Model (SM) by sterile neutrinos have received increasing attention
in recent years: in addition to their roˆle in numerous well motivated scenarios of neutrino mass
generation, the existence of sterile neutrinos is suggested by the reactor [1], accelerator [2, 3] and
Gallium anomalies [4], as well as by certain indications from large scale structure formation [5,6].
Depending on their mass (which can range from well below the electroweak to the Planck scale),
and more importantly, on their mixing with the active neutrinos, the sterile fermions can lead to
non-negligible modifications of the leptonic charged current interaction (W`ν), which would be
manifest in electroweak (EW) interactions as a deviation from unitarity of the leptonic mixing
matrix [7,8]; in turn this will have an impact on numerous observables, providing contributions to
lepton flavour violating (LFV) processes [9–11], leading to the violation of lepton flavour univer-
sality (LFU) [12–14], and enhancing rare leptonic (tau) decays, leptonic and semi-leptonic meson
decays [15], also impacting invisible Z-boson [16] and Higgs boson decays [17–20].
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Sterile neutrinos could also have a relevant roˆle in flavour conserving observables, as is the case
of electric and magnetic lepton moments, neutrinoless double beta decay [21], and several lepton
number violating (LNV) decays, as for example B− → h+`−`− (h denoting a meson) among
others currently being explored by the LHC collaborations (see, for example, [22] and references
therein). Although the anomalous magnetic moment of the electron, which is now experimentally
determined to an impressive precision [23], exhibits a striking agreement with the SM theoretical
prediction, the same does not occur for the muon’s. In fact, the 3.6σ discrepancy [24] between
the SM prediction and the corresponding measurements, ∆(aµ), strongly suggests that some new
physics might be required in order to reconcile theory and observation.
In this work we investigate whether the sterile fermions can provide new contributions to the
muon anomalous magnetic moment, possibly alleviating the current tension. For this, we consider
the SM minimally extended1 by new sterile fields (for example right-handed neutrinos and/or
other pure fermionic singlet states). The most minimal of these extensions consists in an effective,
ad-hoc model, where one sterile state is added to the neutral fermion content of the SM. In this
so called “3+1” effective framework, the additional state encodes the effect of a given (arbitrary)
number of sterile fermions, and their mixings with the active (light) neutrinos. In this approach
no assumption is made concerning the underlying mechanism of neutrino mass generation. On the
other hand, sterile neutrinos are a crucial ingredient of many well-motivated mechanisms account-
ing for neutrino masses and mixings; their impact on many of the above mentioned observables
is particularly important in scenarios where the sterile states are comparatively light - as is the
case of the νSM [26], the low-scale type-I seesaw [27] and the Inverse Seesaw (ISS) [28], among
other possibilities. The ISS, where both sterile and right-handed neutrinos are added to the SM
field content, is particularly appealing as it can be realised at low scales for natural values of the
neutrino Yukawa couplings. Here, and as an illustrative example of a low-scale model of neutrino
mass generation we considered a realisation of the ISS mechanism with 3 right-handed neutrinos
and 3 additional sterile states (from now on labeled for simplicity ”ISS model”).
Notice however that all these frameworks are severely constrained, from both a theoretical
and an observational point of view, and any realisation must comply with an extensive array
of bounds. In addition to accommodating neutrino data [29–33], these extensions must comply
with unitarity bounds [34,35], laboratory bounds [36], electroweak precision tests [16,37,38], LHC
constraints (as those arising from Higgs decays) [17–20], bounds from rare decays [9, 10, 14, 15]
as well as cosmological constraints [5, 39]. New sources of lepton number violation can trigger
neutrinoless double beta decay (see, for example, [21]), and the sterile states can contribute to
the decay rate: the additional mixings and possible new Majorana phases might enhance the
effective mass, potentially rendering it within experimental reach, or even leading to the exclusion
of certain regimes due to conflict with the current bounds (the most recent results on neutrinoless
double beta decay have been obtained by the GERDA experiment [40]).
Motivated by the intense experimental activity in searching for a first signal of neutrinoless
double beta (0ν2β) decay, and in parallel to the study of the lepton magnetic moments, we also
explore in this work the impact of the sterile fermionic states regarding neutrinoless double beta
decay. Our analysis reveals that scenarios with sterile fermions can indeed contribute to alleviate
the (g − 2)µ tension and, more importantly, can have a strong impact on the interpretation of a
future 0ν2β signal regarding the hierarchy of the active neutrino mass spectrum.
Our work is organised as follows: in the subsequent section, we address the contributions to
the anomalous lepton magnetic moments in the presence of sterile neutrinos, also discussing their
1A model-independent study of an explanation for the observed discrepancy in the muon anomalous magnetic
moment and new physics searches at the LHC has recently been carried in [25].
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impact for neutrinoless double beta decay. Section 3 is devoted to sterile neutrino extensions of
the SM: we discuss in detail the different constraints, and present the two minimal models which
will be subsequently explored - the “3+1” effective model, and the ISS. Our numerical results
for both models are collected in Section 4, where we conduct a comprehensive analysis of the
corresponding parameter spaces, and discuss the results. We summarise the most relevant points
in the Conclusions.
2 Sterile neutrinos and lepton magnetic moments
The magnetic moment of a charged lepton is given by
−→
M = g`
e
2m`
~S , (1)
with ~S, e and m` the charged lepton’s spin, electric charge and mass. Higher order (loop) effects
lead to small calculable deviations from the (Dirac) value g` = 2, so that the anomalous magnetic
moment is defined as
a` =
g` − 2
2
. (2)
The experimental measurement of the anomalous magnetic moment of the electron differs from
its SM theoretical expectation by
∆(ae) = −10.5(8.1)× 10−13 , (3)
its theoretical prediction being dominated by QED contributions, which have been calculated up
to five loops [41, 42]. New physics contributions to ∆(ae) are generally assumed to be very small
(although in [43] it was suggested that this observable could be used to probe and constrain new
physics scenarios, an idea also recently explored in [44]); in fact, the precision in the determination
of ae has rendered it the preferred means to determine the value of the fine-structure constant α
(see, for example, [45]).
On the other hand, the anomalous magnetic moment of the muon has revealed a (yet unre-
solved) discrepancy between the SM expected value and the experimental determination. The
current experimental (averaged) result is given by [45]
aexpµ = 11659209.1(5.4)(3.3)× 10−10 . (4)
The SM prediction for aSMµ is generally divided into three contributions [46–51],
aSMµ = a
QED
µ + a
EW
µ + a
had
µ . (5)
Hadronic (quark and gluon) loop contributions to aSMµ are the ones most affected by theoretical
uncertainties. By combining the different contributions, one has [24]
aSMµ = 116591803(1)(42)(26)× 10−11 , (6)
where the errors are due to the electroweak, lowest-order hadronic, and higher-order hadronic
contributions, respectively. The difference between the experimental and the theoretical values of
aµ, ∆(aµ), is
∆(aµ) = a
exp
µ − aSMµ = 288(63)(49)× 10−11 , (7)
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corresponding to a ∼ 3.6σ deviation from the SM prediction [24].
The impressive accuracy of the theoretical and experimental results renders aµ a high precision
observable extremely sensitive to physics beyond the SM. Explaining this deviation has motivated
extensive studies - not only taking into account the many possible (higher order) SM corrections,
but also exploring new physics contributions capable of saturating the observed discrepancy [52].
Singlet extensions of the SM have been considered to address the (g−2)µ discrepancy; for instance,
standard seesaws have been investigated [53], low-scale supersymmetric seesaw models (including
right-handed neutrino superfields) [54], as well as B−L (Inverse Seesaw) extensions of the SM [55],
among many others.
Regarding the anomalous magnetic moment of the tau, the experimental precision [56] is very
poor compared with the theoretical calculation error [57],
aSMτ = 117721(5)× 10−8 ,
−0.052 < aexpτ < 0.013 , (8)
so that unfortunately this observable cannot in general be used to infer any useful information on
possible new physics contributions.
Figure 1: One loop Feynman diagram contributing to the anomalous magnetic moment of charged
leptons, involving the weak gauge bosons W± and the neutral fermions νi, including the extra
sterile states.
In our work we address the impact of the extra sterile neutrinos on the anomalous magnetic
moment of the muon, while considering their contribution to the (g − 2) of the electron, as a
potential new constraint in our analysis. In the SM extended by sterile fermionic states, the only
new contribution to the anomalous magnetic moment of leptons arises from the diagram of Fig. 1,
where νi denotes the neutral fermions, including the new sterile states. In the presence of the
latter, the W − ν loop provides the following contribution
aνµ =
GF√
2
m2µ
8pi2
nν∑
i=1
U∗µiUµi f(xνi), (9)
where xνi = (mνi/MW )
2 (nν being the number of neutrino mass states, including the sterile ones)
and f(x) is given by
f(x) =
10− 43x+ 78x2 − 49x3 + 4x4 + 18x3 ln(x)
3(1− x)4 . (10)
The above result is in good agreement with the corresponding one of [55], derived in the framework
of a B − L extension of the SM.
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3 Sterile neutrino extensions of the SM
In order to account for neutrino masses and mixings, many extensions of the SM call upon the
introduction of right-handed neutrinos (giving rise to a Dirac mass term for the neutrinos) and/or
other new particles. We consider a minimal extension of the SM, an ad-hoc effective model (the
“3+1” effective model) as a representative case. There are several well-motivated neutrino mass
generation models relying on the introduction of sterile states, and in this work we will illustrate
them through an example of a realisation of a low scale seesaw mechanism, the Inverse Seesaw
mechanism.
3.1 Constraints on sterile neutrino models
In the framework of the SM extended by sterile fermion states, which have a non-vanishing mixing
to the active neutrinos, the leptonic charged currents are modified as
− Lcc = g√
2
U ji ¯`jγ
µPLνiW
−
µ + c.c. , (11)
where U is the leptonic mixing matrix, i = 1, . . . , nν denotes the physical neutrino states and
j = 1, . . . , 3 the flavour of the charged leptons. In the case of three neutrino generations, U
corresponds to the (unitary) PMNS matrix, UPMNS. For nν > 3, the mixing between the left-
handed leptons, which we will subsequently denote by U˜PMNS, corresponds to a 3× 3 block of U .
One can parametrise the U˜PMNS mixing matrix as [58]
UPMNS → U˜PMNS = (1− η)UPMNS , (12)
where the matrix η encodes the deviation of U˜PMNS from unitarity [7, 8], due to the presence of
extra fermion states.
Many observables will be sensitive to the active-sterile mixings, and their current experimental
values (or bounds) will thus constrain such SM extensions. As already mentioned, one can have
LFV and LFU violating observables, bounds from laboratory and collider searches, among oth-
ers. Furthermore, certain sterile mass regimes and active-sterile mixing angles are also strongly
constrained by cosmological observations.
In what follows we proceed to discuss the most relevant constraints on models with sterile
fermions.
Neutrino oscillation data:
The first and most important constraint to any model of massive neutrinos is to comply with
ν-oscillation data [29–33]. In our analysis we will consider both normal and inverted hierarchies
for the light neutrino spectrum [29]; the corresponding best-fit intervals in the case of normal
hierarchy (NH) are2
sin2 θ12 = 0.32 , sin
2 θ23 = 0.427 , sin
2 θ13 = 0.0246 ,
∆m221 = 7.62× 10−5eV2 , |∆m231| = 2.55× 10−3eV2 , (13)
whereas for an inverted mass hierarchy (IH) the values are
sin2 θ12 = 0.32 , sin
2 θ23 = 0.6 , sin
2 θ13 = 0.025 ,
∆m221 = 7.62× 10−5eV2 , |∆m231| = 2.43× 10−3eV2 . (14)
2We take the local minimum in the first octant, in agreement with [30,32].
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The value of the CP violating Dirac phase δ is still undetermined, although the complementarity
of accelerator and reactor neutrino data starts reflecting in a better sensitivity to δ [32, 59] (and
to the hierarchy of the light neutrino spectrum).
It is worth noticing that the CP violating phases of the UPMNS, as well as the possible new
phases that will be present in extensions of the SM by sterile neutrinos, will also contribute to the
electric dipole moments (EDM) of leptons; however, in these minimal extensions, lepton EDMs
would only receive contributions at the 2-loop level. We do not address these CP violating (CPV)
observables in the present analysis.
Unitarity constraints:
The introduction of fermionic sterile states can give rise to non-standard neutrino interactions
with matter. Bounds on the non-unitarity of the matrix η (cf. Eq. (12)), have been derived in [35]
by means of an effective theory approach. We apply these bounds in our numerical analysis in
the regimes for which the latter approach is valid, generically for sterile masses above the GeV,
but below the EW scale (at least in extensions calling for more than one sterile state).
Electroweak precision data:
The addition of (fermion) singlets to the SM with a sizeable active-sterile mixing can affect elec-
troweak precision observables at tree-level (charged currents) and at higher order as well. In
particular, the non-unitarity of the active neutrino mixing matrix, Eq. (12), implies that the
couplings of the active neutrinos to the Z and W bosons are suppressed with respect to their
SM values. In the presence of singlet neutrinos, electroweak precision constraints were first ad-
dressed in [37] with an effective approach (therefore valid only for multi-TeV singlet states). More
recently, the effects of the sterile neutrinos on the invisible Z-decay width have been discussed
in [15, 16, 38], and it has been shown that Γ(Z → νν) can be reduced with respect to the SM
prediction. Complying with LEP results on Γ(Z → νν) [24] also constrains these sterile neutrino
extensions.
LHC constraints:
The new interactions in the leptonic sector can also alter the Higgs boson phenomenology: the
presence of a new decay channel for the Higgs boson, with heavy neutrinos in the final state,
can enlarge the total Higgs decay width, thus lowering the predicted SM decay branching ratios.
Therefore, constraints on sterile neutrinos are also derived from Higgs decays. LHC data already
allows to constrain regimes where the sterile states are below the Higgs mass, due to the potential
Higgs decays to an active and a heavier, mostly sterile, neutrino. In our analysis we apply the
constraints derived in [17,19,20].
Leptonic and semileptonic meson decays:
Further constraints arise from decays of pseudoscalar mesons K, D, Ds and B, with one or two
neutrinos in the final state (see [60,61] for kaon decays, [62,63] forD andDs decay rates, and [64,65]
for B-meson observations). In the framework of the SM extended by sterile neutrinos, these decays
have recently been addressed in [14,15]. The dominant contributions to these processes arise from
tree-level W mediated exchanges (a consequence of the modified vertex W`ν due to the presence
of the sterile states). As will be discussed in the following section, among the distinct constraints
derived from meson decays, the most severe bounds are due to the violation of lepton universality
in leptonic kaon decays, parametrised by ∆rK ,
∆rK ≡ R
exp
K
RSMK
− 1 where RK ≡ Γ(K
+ → e+ν)
Γ(K+ → µ+ν) , (15)
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and whose current value (comparison of theoretical analyses [66,67] with the recent measurements
from the NA62 collaboration [60]) is
∆rK = (4± 4) × 10−3 . (16)
This observable can receive significant contributions from the sterile states, due to the new phase
space factors and as a result of deviations from unitarity, when the sterile mixings to the active
neutrinos are sizeable [12,14,15].
Laboratory searches:
Robust laboratory bounds on the sterile neutrino masses and their mixings with the active ones
can be inferred from negative searches for monochromatic lines in the spectrum of muons from
pi± → µ±ν decays [5,68]. The absence of such a signal imposes stringent limits for sterile neutrinos
with masses in the MeV-GeV range.
Lepton flavour violation:
Non-negligible active-sterile mixings will affect charged lepton violating (cLFV) processes, leading
to rates potentially larger than current bounds, through the enlarged leptonic mixing matrix. The
most stringent bound on sterile neutrinos from cLFV processes [9, 10] comes from the search for
the radiative µ→ eγ decay [69].
Neutrinoless double beta decay:
The introduction of singlet neutrinos with Majorana masses allows for new processes like LNV
interactions. Among these, neutrinoless double beta decay remains the most important one. This
process is being actively searched for by several experiments, by means of the best performing
detector techniques: among others, GERDA [40], EXO-200 [70, 71] and KamLAND-ZEN [72],
have all set strong bounds on the effective mass, |mee|, to which the amplitude of 0ν2β process
is proportional. The sensitivities of the current experiments put a limit on the effective neutrino
Majorana mass in the range
|mee| <∼ 140 meV− 700 meV . (17)
In Table 1, we summarise the future sensitivity of ongoing and planned 0ν2β experiments.
Experiment Ref. |mee| (eV)
EXO-200 (4 yr) [70,71] 0.075 - 0.2
nEXO (5 yr) [73] 0.012 - 0.029
nEXO (5 yr + 5 yr w/ Ba tagging) [73] 0.005 - 0.011
KamLAND-Zen (300 kg, 3 yr) [72] 0.045 - 0.11
GERDA phase II [40] 0.09 - 0.29
CUORE (5 yr) [74,75] 0.051 - 0.133
SNO+ [76] 0.07 - 0.14
SuperNEMO [77] 0.05 - 0.15
NEXT [78,79] 0.03 - 0.1
MAJORANA demo. [80] 0.06 - 0.17
Table 1: Future sensitivity of several 0ν2β experiments.
This observable will be addressed in detail when we discuss each of the sterile neutrino models
explored in our study.
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Cosmological bounds:
Sterile neutrinos with a mass below the TeV are subject to strong constraints from a number
of cosmological observations [5, 39]. The sterile states play an important roˆle in cosmology and
astrophysics, in particular in Big Bang Nucleosynthesis and Large Scale Structure formation.
Moreover, a sterile neutrino with a mass ∼ keV may be a viable dark matter candidate, for
instance offering a possible explanation to the observed X-ray line in cluster galaxy spectra at
∼ 3.5 keV [81,82], to the origin of pulsar kicks, or even to the baryon asymmetry of the Universe
(for a review see [6]).
These cosmological limits are in general derived by assuming the minimal possible abundance
(in agreement with neutrino oscillations) of sterile neutrinos in halos consistent with standard
cosmology. Nevertheless, as argued in [83], the possibility of a non-standard cosmology with
a very low reheating temperature, or a scenario where the sterile neutrinos couple to a dark
sector [84], could allow to evade some of the above bounds. For this reason, and aiming at being
conservative, in our numerical study we will allow for the violation of these cosmological bounds
in some scenarios, explicitly stating it.
3.2 Effective SM extension: “3+1” model
A first approach to address the impact of sterile fermions on the magnetic moments of leptons
is to consider a minimal effective model with three light active neutrinos and one extra sterile
Majorana neutrino. In this approach no assumption is made concerning the underlying mechanism
responsible for the origin of neutrino masses and mixings. The extension of the SM by the extra
state introduces additional degrees of freedom: its mass m4, three new (active-sterile) mixing
angles θi4, two new (Dirac) CP violating phases and one extra Majorana phase.
Concerning the anomalous lepton magnetic moments, the sum in Eq. (9) extends to nν = 4,
while the effective neutrino mass mee, determining the amplitude of the neutrinoless double beta
decay rate, is given by [85]:
mee '
4∑
i=1
U2ei p
2 mi
p2 −m2i
'
(
3∑
i=1
U2eimνi
)
+ p2 U2e4
m4
p2 −m24
, (18)
where p2 ' −(100 MeV)2 is the virtual momentum of the neutrino (an average estimate over
different values depending on the decaying nucleus).
3.3 The Inverse Seesaw scenario
In order to investigate the impact of the sterile neutrinos on the lepton magnetic moments in
the concrete framework of a neutrino mass generation mechanism, we have considered the Inverse
Seesaw mechanism [28]. The ISS scenario is an appealing extension of the SM, which allows to
accommodate neutrino data with natural values of the Yukawa couplings for a comparatively low
seesaw scale. In turn, this offers the possibility of having sizeable mixings between the active
neutrinos and the additional sterile states, thus rendering the model phenomenologically rich.
The ISS requires the introduction of nR ≥ 2 generations3 of right-handed (RH) neutrinos νR
and nX generations of extra SU(2) singlets fermions X (such that nR + nX = Ns), both with
lepton number L = +1 [28]. In our analysis we will consider a realisation with nR = nX = 3.
3This lower value is required in order to account for the active neutrino masses and mixings. The most minimal
Inverse Seesaw realisation [86] consists in the addition of two right-handed and two sterile neutrinos to the SM
content.
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In the ISS, the SM Lagrangian is extended as
LISS = LSM − Y νij ν¯Ri H˜† Lj −MRij ν¯RiXj −
1
2
µXij X¯
c
i Xj + h.c. , (19)
where i, j = 1, 2, 3 are generation indices and H˜ = iσ2H
∗. After EW symmetry breaking, the
(symmetric) 9× 9 neutrino mass matrix M is given in the (νL, νcR, X)T basis by
M =
 0 mTD 0mD 0 MR
0 MTR µX
 . (20)
Notice that U(1)L (i.e., lepton number) is broken only by the non-zero Majorana mass term µX ,
while the Dirac-type right-handed neutrino mass term MR conserves lepton number. In the above,
mD =
1√
2
Y νv is the Dirac mass term, v being the vacuum expectation value of the SM Higgs
boson. Assuming µX  mD  MR, the diagonalization of M leads to an effective Majorana
mass matrix for the active (light) neutrinos [87],
mν ' mTDMTR
−1
µXM
−1
R mD . (21)
The remaining (mostly) sterile states form nearly degenerate pseudo-Dirac pairs, with masses
mS± = ±
√
M2R +m
2
D +
M2R µX
2 (m2D +M
2
R)
. (22)
For the purpose of our analysis it is useful to define M = MR µ
−1
X M
T
R , which is diagonalized by
the matrix D as DMDT = Mˆ . The eigenvalues of M are thus the entries of the diagonal matrix
Mˆ . It is also convenient to generalize the Casas-Ibarra parametrisation [88], which allows to write
the neutrino Yukawa couplings Y ν as
Y ν =
√
2
v
D†
√
Mˆ R
√
mˆν U
†
PMNS , (23)
where
√
mˆν is a diagonal matrix containing the square roots of the three light neutrino mass
eigenvalues mν . R is an arbitrary 3 × 3 complex orthogonal matrix, parametrized by 3 complex
angles, which encodes the remaining degrees of freedom. (Without loss of generality, we can work
in the basis where MR is a real diagonal matrix, as are the charged lepton Yukawa couplings.)
The neutrino mass matrix is then diagonalized by a 9× 9 unitary mixing matrix U as UTMU =
diag(mi). In the basis where the charged lepton mass matrix is diagonal, the leptonic mixing
matrix is given by the rectangular 3× 9 sub-matrix corresponding to the first three columns of U ,
with the 3× 3 block corresponding to the (non-unitary)4 U˜PMNS.
While in the “3+1” effective model, four states (three active and one sterile) contributed to
the sum of Eq. (9), in the ISS the sum includes 9 mass eigenstates, and reflects the possibility
of having the additional (mostly) sterile states present in the loop of Fig. 1, thus significantly
contributing to the anomalous lepton moments.
4We refer to [89–91] for earlier studies on non-unitarity effects in the Inverse Seesaw.
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Concerning 0ν2β decays, the new sterile states will also contribute: their spectrum corre-
sponding to three pseudo-Dirac pairs, cf. Eq. (22), the effective neutrino mass mee is now given
by
mee '
9∑
i=1
U2ei p
2 mi
p2 −m2i
'
(
3∑
i=1
U2eimνi
)
+
+ p2
(
− U2e4
|m4|
p2 −m24
+ U2e5
|m5|
p2 −m25
− U2e6
|m6|
p2 −m26
+
+U2e7
|m7|
p2 −m27
− U2e8
|m8|
p2 −m28
+ U2e9
|m9|
p2 −m29
)
, (24)
with, as before, p2 ' −(100 MeV)2 the virtual momentum of the neutrino.
4 Analysis and discussion
The aim of this study is to evaluate the impact of the new sterile states on the leptonic anomalous
magnetic moment, as well as on the neutrinoless double beta decay effective mass, for the two
models previously discussed - the “3+1” effective model, and the ISS with 3 right-handed neutrinos
and 3 extra sterile states. As mentioned in Section 3.1, we will apply in each case all relevant
constraints. In the different plots illustrating our study, and for the sake of completeness, we will
nonetheless show all the solutions, denoting by different shades of grey the points not complying
with the various bounds. An exception concerns the cosmological constraints: as noticed for
example in [83], the cosmological bounds could be modified and eventually evaded by considering
a non-standard cosmology. Therefore, and throughout the subsequent discussion, we will not
discard solutions in disagreement with the cosmological bounds of [5], highlighting them with a
distinctive colour scheme, namely with red coloured points.
As a convenient means to illustrate the effect of the new active-sterile mixings (corresponding
to a deviation from unitarity of the U˜PMNS) we have introduced the invariant quantity η˜, defined
as
η˜ = 1− |Det(U˜PMNS)| . (25)
In our analysis we address both cases of normal and inverted hierarchies for the light neutrino
spectrum, and we fully explore the parameter space for each of the models considered, including
the new (Dirac and Majorana) CP violating phases. As already stated, we do not address the
(2-loop) contributions to the leptonic EDMs.
4.1 Results: “3+1” effective model
For both NH and IH light neutrino spectra, we scan over the sterile neutrino mass in the range
3× 10−11 GeV . m4 . 103 GeV , (26)
and over the active-sterile mixing angles θi4 (i = 1, 2, 3), which are randomly taken between 0 and
2pi. We also consider the effect of all CPV phases, which are likewise randomly varied in [0, 2pi].
Anomalous magnetic moment of the electron
We first consider the potential impact of ∆(ae) as an additional constraint on the parameter
space of the “3+1” effective extension of the SM. As can be seen on Fig. 2, which illustrates this
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observable for the case of a normal hierarchy in the light neutrino spectrum, the new contributions
to |∆(ae)| do augment with increasing deviations from unitarity of the U˜PMNS matrix. However,
even for the largest values of η˜ - which are excluded due to the violation of several bounds
(the most important one being neutrino oscillation data) - the “3+1” effective model remains
short of the 1σ bound. As already mentioned in Section 3.1, we display in red the points that
are typically disfavoured from standard cosmology arguments (notice that the large η˜ regime in
general corresponds to this case). The grey-shades correspond to at least: failure to comply
with ν-oscillation data, bounds from EW precision data or LHC bounds (light grey); violation
of laboratory bounds or constraints from rare leptonic meson decays (grey); confict with bounds
from radiative µ → eγ decays, neutrinoless double beta decays or invisible Z-boson width (dark
grey).
Figure 2: Effective case: anomalous magnetic moment of the electron as a function of η˜ (see
Eq. (25)), for a NH light neutrino spectrum. Blue points are in agreement with cosmological
bounds, while the red ones would require considering a non-standard cosmology. In grey we
denote points already excluded by other (non-cosmological) bounds (see text for a description
of the grey-shade scheme). The beige coloured band denotes the 1σ interval, cf. Eq. (3). The
underlying scan is described in the text.
Anomalous magnetic moment of the muon
We proceed to investigate whether this minimal extension of the SM with sterile neutrinos can
contribute to alleviate the tension between the experimental measurement and the SM prediction
for (g − 2)µ, as discussed in Section 2. On Fig. 3, we display the contribution of the “3+1”
effective model, for the case of a normal hierarchical light neutrino spectrum. Although we do not
explicitly display them here, phenomenological equivalent results have been obtained for the case
of an inverted hierarchy in the active neutrino spectrum.
The left panel of Fig. 3 reveals that this simple effective extension can account for a contribution
capable of slightly alleviating the tension between theory and experiment, albeit close to the
viability limit of the model (i.e., large values of η˜), and only for points disfavoured by cosmological
observations. Moreover, these contributions are associated to light sterile states: as can be seen
from the right panel of Fig. 3, contributions within the 3σ interval correspond to m4 . 10−2 GeV.
The two vertical lines of the right panel denote the values of the mostly (lightest) sterile state mass
that would allow to address issues strongly motivating these extensions of the SM: (i) m4 ' 1 eV,
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Figure 3: Effective case: anomalous magnetic moment of the muon as a function of η˜ (left) and
of the mass of the sterile neutrino m4 (right), for a NH light neutrino spectrum. The horizontal
dashed lines delimit the surfaces corresponding to the 1σ, 2σ and 3σ intervals for |∆(aµ)| (darker
to lighter shades of beige), see Eq. (7). The vertical violet (green) line corresponds to the best
fit value of m4 which would account for the reactor anomaly (to the 3.5 keV line from decaying
warm dark matter). Otherwise, colour scheme as in Fig. 2.
the best fit value for a sterile state accounting for the reactor anomaly [92]; (ii) m4 ∼ 7 keV, as
required to explain the 3.5 keV line in the X-ray spectra of galaxy clusters from the decay of a
warm dark matter candidate [81,82].
We stress that this is a simple, minimal extension and that the analysis relies on a first order
(one-loop) computation of the observable. A more complete computation, including higher order
(leptonic and hadronic) contributions could further reduce the present discrepancy.
Anomalous magnetic moment of the tau
We have also considered the contribution of the “3+1” effective model to the anomalous magnetic
moment of the tau lepton. Throughout the investigated parameter space, we found that the new
contributions saturate at
|∆(aτ )| . 10−5 , (27)
and are thus clearly beyond experimental reach.
Neutrinoless double beta decay
As previously mentioned, we also revisit the prospects of the “3+1” effective model regarding
0ν2β (constraints on the parameter space, as well as the potential for a detection in the near
future). In Fig. 4 we present the expected ranges for |mee| as a function of the sterile mass. The
horizontal lines denote current bounds and future sensitivities, in agreement with the discussion
in Table 1. More precisely, we have considered the current bound of |mee| <∼ 300 meV [40] also
showing a future expected sensitivity of |mee| <∼ 100 meV.
As can be seen from Fig. 4, both hierarchies can lead to significant values of |mee|, and this
observable plays in fact an important roˆle in excluding sizeable regions of the “3+1” effective
model parameter space. For the heavy mass regime, a future observation would allow to probe
both hierarchies, and would correspond to regions of the parameter space compatible with cosmo-
logical constraints. For the low mass regime (m4 . 0.1 GeV), future experiments can only probe
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Figure 4: Effective case: effective mass, |mee| (in eV), as a function of the mass of the sterile
neutrino m4, for NH (left) and IH (right) light neutrino spectra. The solid (dashed) horizontal
line denotes the current bound (expected future sensitivity), see Table 1, while the vertical lines
correspond to the values of m4 which would account for the reactor anomaly and explain the
3.5 keV line from decaying warm dark matter. Blue points are in agreement with cosmological
bounds, while the red ones would require considering a non-standard cosmology. Cyan/pink
respectively correspond to cosmologically favoured/disfavoured points which are excluded due to
conflict with bounds from 0ν2β decays. In grey we again denote points already excluded by other
(non-cosmological) bounds.
regions that would require considering a non-standard cosmology. Notice however, that for the
IH case (which, as expected, is associated to larger values of |mee|), the low mass regime could be
potentially probed by, for instance SNO in its “Phase 2” [76] (we did not explicitly include the
corresponding future sensitivity in the plots of Fig. 4).
It is worth emphasizing here that, under the assumption that sterile neutrinos are present, a
signal in 0ν2β decay future experiments does not necessarily imply an IH for the light neutrino
spectrum.
Leading to both panels of Fig. 4, we have taken into account non-vanishing values of all (Dirac
and Majorana) phases. The CP-conserving (real) limit would translate into similar plots - the only
significant difference being a less disperse pattern for the points; we thus refrain from including
them here.
To complete the study conducted within this model, we display in Fig. 5 the “3+1” effective
parameter space, in particular the (sin2 θi4,m4) planes. We highlight in black regions in which
(at least) the 0ν2β constraints are violated; those in yellow correspond to cosmologically viable
points having |mee| within experimental reach (i.e. 0.05 eV . |mee| . 0.1 eV). Green diamonds
correspond to the points associated to |∆(aµ)| within the 3σ interval (although some of these
points appear to correspond to regions in agreement with cosmological bounds, we stress that
they correspond to cosmologically disfavoured regimes, as explicitly displayed in Fig. 3).
Figure 5 clearly encodes the phenomenological roˆle of the active-sterile mixing angles: it
confirms that the largest contributions to |∆(aµ)| are, as expected, related to large values5 of θ24,
while θ14 is the relevant parameter regarding 0ν2β decays. As already commented when discussing
5Notice that in this plot values of sin2 θ14 ' 1, which are excluded due to conflict with ν-oscillation data, are
not displayed.
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Figure 5: Effective case: parameter space of the sterile state for an IH light neutrino spectrum. On
the left, (sin2 θ14,m4) plane, and on the right the (sin
2 θ24,m4) one. Blue points are in agreement
with cosmological bounds, while the red ones would require considering a non-standard cosmology.
Black regions correspond to violating (at least) the 0ν2β constraints, while grey ones are excluded
due to conflict with other (non-cosmological) bounds. Green diamonds correspond to the points
associated to |∆(aµ)| within the 3σ interval. A yellow band (left panel) further denotes |mee|
within experimental reach (i.e. 0.05 eV . |mee| . 0.1 eV) for cosmologically allowed points.
Fig. 3, the largest values for |∆(aµ)| correspond to regimes of sizeable sterile-active mixing (as seen
from the right panel), pulling the entries of the U˜PMNS towards the limits of phenomenological
and experimental viability. (The analogous analysis of the (sin2 θ34,m4) plane does not provide
any new information, and so we do not display it here.) The case of a normal hierarchy in the
light neutrino spectrum would lead to similar results for the different (sin2 θi4,m4) planes - the
exception being the prospects for 0ν2β decays (see Fig. 4); in particular the yellow band in the
(sin2 θ14,m4) plane would be significantly narrower.
Summary for the “3+1” effective model
A global overview of the prospects of the “3+1” effective model regarding both (g − 2)µ and
neutrinoless double beta decay is presented in Fig. 6, for NH and IH light neutrino spectra. Since
both observables have already been extensively discussed, we only stress that in the framework of
this simple extension of the SM, having |∆(aµ)| within the 3σ interval and a possible observation
of 0ν2β decay in the next generation of dedicated facilities requires invoking a non-standard
cosmology.
4.2 Results: Inverse Seesaw scenario
In the ISS, the numerical contributions to the studied observables are derived through the following
general scan: leading to the construction of the 9× 9 mass matrix in Eq. (20), the moduli of the
entries of the matrices MR and µX are randomly taken to lie on the intervals 0.1 MeV . (MR)i .
106 GeV and 0.01 eV . (µX)ij . 1 MeV, with complex entries for the lepton number violating
matrix µX ; we also take complex angles for the arbitrary R matrix, randomly varying their values
in the interval [0, 2pi]. The modified Casas-Ibarra parametrization for Y ν , Eq. (23), ensures that
constraints from neutrino oscillation data are satisfied. We use as input the best-fit values of the
global analysis of [29], for each light neutrino hierarchy: NH and IH.
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Figure 6: Effective case: summary of the “3+1” effective model prospects regarding its contri-
butions to |∆(aµ)| and 0ν2β decay. On the left (right) panel, NH (IH) for the light neutrino
spectrum. The horizontal lines denote the 1σ-3σ intervals for |∆(aµ)|, while vertical full (dashed)
correspond to the current bounds (future sensitivity) for |mee|. Colour code as in Fig. 4.
Anomalous magnetic moment of the electron
As done for the “3+1” effective model, we begin the analysis of the ISS case by investigating
the possible constraints arising from |∆(ae)|. Similarly we find that despite having the new
contributions to |∆(ae)| steadily augmenting with η˜, the ISS parameter space is not constrained
by the precise determination of this observable. This is illustrated for the case of a NH in the
light neutrino spectrum in Fig. 7. (The predictions for the IH case are similar.)
Figure 7: ISS: anomalous magnetic moment of the electron as a function of η˜, for a NH light
neutrino spectrum. Line and colour code as in Fig. 2 (see text for a description of the grey-shade
scheme).
Figure 7 also provides a first illustration of some relevant features of the ISS parameter space6:
6The comparative smaller dispersion of the points in the ISS case is merely due to having an underlying theoretical
framework relating the active, right-handed and sterile neutrinos, so that the different masses and mixings are not
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regimes corresponding to a significant deviation from unitarity of the U˜PMNS matrix (i.e. large η˜)
are subject to strong experimental constraints, which exclude important parts of the parameter
space. The grey-shades in Fig. 7 correspond to, at least: failure to comply with ν-oscillation data
(light grey); violation of unitarity constraints, bounds from EW precision data, laboratory and
LHC bounds, rare decays such as leptonic meson decays or radiative µ→ eγ decays (grey); neutri-
noless double beta decays or invisible Z-boson width (dark grey). In particular ν-oscillation data
and rare kaon decay bounds (∆rK) are the most relevant ones for the ISS parameter space. Fi-
nally, and with the exception of a few (isolated) points, notice that compatibility with cosmological
constraints is in general obtained only for the regime of small η˜.
Anomalous magnetic moment of the muon
The contribution of the ISS concerning the anomalous magnetic moment of the muon is illustrated,
for both light neutrino spectrum hierarchies, in Fig. 8. As can be seen, only a very small fraction
of the points succeeds in providing a contribution within the 3σ interval for |∆(aµ)|, and only for
the IH case (interestingly, a few compatible with cosmological bounds). We notice that a much
larger set would be within the 3σ (even the 2σ) interval, for both hierarchies, but these have been
excluded as they lead to excessively large values of ∆rK (see Eq. (16)).
Figure 8: ISS case: anomalous magnetic moment of the muon as a function of η˜ for a NH (left)
and an IH (right) light neutrino spectrum. Colour scheme as in Fig. 3 (see text for a description
of the grey-shade scheme).
We display in Fig. 9 the ISS contributions to the anomalous magnetic moment of the muon
as a function of the lightest (mostly) sterile state mass7, m4, as the lighter states provide the
dominant contribution to this observable (confirmed from Eq. (9)). As can be inferred from
this figure, accommodating at the 3σ level the discrepancy in (g − 2)µ requires that at least one
pseudo-Dirac state (pair) be very light, with a mass around the 0.1 MeV.
independent degrees of freedom.
7Contrary to the “3+1” effective model analysis, here we do not include the vertical lines, as this realisation
cannot address the corresponding observations. However, a different ISS realisation has been recently shown capable
of accounting for the ∼ 3.5 keV line in the X-ray spectra of galaxy clusters [93].
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Figure 9: ISS: anomalous magnetic moment of the muon as a function of the mass of the lightest,
mostly sterile state (m4), for an IH light neutrino spectrum. Colour scheme as in Fig. 3.
Anomalous magnetic moment of the tau
Such as it occurred for the “3+1” effective model, the ISS can only account for an extremely small
contribution to the anomalous magnetic moment of the tau lepton,
|∆(aτ )| . 10−7 , (28)
also well beyond experimental reach.
Neutrinoless double beta decay
The predictions of the present ISS realisation, with three right-handed and three sterile neutrino
states, are displayed in Fig. 10, as a function of the average of the absolute masses of the mostly
sterile states,
〈m4−9〉 =
∑
i=4...9
1
6
|mi| , (29)
for both hierarchies of the light neutrino spectrum. We take this average to illustrate our results
as it provides a crude, yet efficient, means to define the “heavy” and “light” mass regimes for the
sterile states (as a whole). Leading to both panels, we have conducted a thorough exploration
of the impact of the CPV phases of the ISS model (see scan description in the beginning of this
section).
The shape of the ISS contributions to |mee| is very different from that encountered in the
analysis of the “3+1” effective model. This is due to the extended spectrum which, as discussed,
is composed of three pseudo-Dirac pairs, the mass difference in each pair of O(µX), and with each
element in a pair accounting for contributions of opposite sign (as can be seen from Eq. (24)). In
the absence of CPV phases, these contributions indeed cancel out to a good approximation, the
maximum value saturating around what would be expected from the SM extended by three light
active Majorana neutrinos (accounting for ν-oscillation data) - this can be inferred from Fig. 11,
where we plot the CP conserving case (all Majorana and Dirac phases set to zero) for the IH case.
In this CP conserving limit, one verifies that 0ν2β bounds hardly constrain the ISS parameter
space, and that a near future 0ν2β signal could only be accounted for by an ISS realisation
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requiring a non-standard cosmology. Although we do not display it here, the CP conserving NH
case could not account for |mee| within experimental reach (even for cosmologically disfavoured
points).
The observed behaviour in the above plots has important implications concerning the interpre-
tation of a possible 0ν2β signal in the near future since, and contrary to other low-scale models of
neutrino mass generation, both hierarchies for the light neutrino spectrum can account for such an
observation; a comparatively light sterile spectrum, with an average mass scale between 10−3 GeV
and 100 GeV, can account for such a signal, irrespective of the hierarchy, still complying with
cosmological observations. Moreover, it would strongly suggest non-vanishing (Majorana) CPV
phases.
Figure 10: ISS: effective mass |mee| (in eV) as a function of the average value of the mostly sterile
state masses, 〈m4−9〉 (see Eq. (29)), for NH (left) and IH (right) light neutrino spectra. Line and
colour scheme as in Fig. 4.
Figure 11: ISS: effective mass |mee| (in eV) as a function of the average value of the mostly
sterile state masses, 〈m4−9〉 (see Eq. (29)), for the CP conserving limit and an IH light neutrino
spectrum. Line and colour scheme as in Fig. 4.
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Summary for the “ISS”
As done for the “3+1” effective model, we summarise the prospects of the ISS concerning (g−2)µ
and neutrinoless double beta decays; an overview, for both NH and IH light neutrino spectra, is
shown in Fig. 12. One can conclude that should an ISS mechanism be at the origin of neutrino
mass generation, a realisation accounting for a near future observation of a neutrinoless double
beta decay signal cannot alleviate the tension in (g − 2)µ, not even at the 3σ level.
Figure 12: ISS: overview of the prospects regarding the contributions to |∆(aµ)| and 0ν2β decay.
On the left (right) panel, NH (IH) for the light neutrino spectrum. The horizontal lines denote the
1σ-3σ intervals for |∆(aµ)|, while vertical full (dashed) correspond to the current bounds (future
sensitivity) for |mee|. Colour code as in Fig. 4.
5 Conclusions
In this work we investigated the roˆle of sterile neutrinos on the (anomalous) magnetic moment
of leptons, as well as their contribution to the neutrinoless double beta decay effective mass. We
considered minimal extensions of the SM by sterile fermion states. The simplest case is that of an
effective construction where, without any assumption on the neutrino mass and mixing generation
mechanism, the neutral fermion spectrum contains an additional massive state, which mixes with
the active states, leading to an enlarged leptonic mixing matrix. We then focused on a specific
well-motivated framework, which consists in the embedding of an Inverse Seesaw mechanism into
the SM, extended by three right-handed neutrinos and three sterile states.
Our study reveals that the simple“3+1” effective extension of the SM can account for a con-
tribution capable of alleviating the tension between theory and experiment on (g − 2)µ, for large
values of η˜, and a light sterile state, m4 . 10−2 GeV (although only for points disfavoured by
cosmological observations). Regarding 0ν2β decays, and in the regime of a heavy sterile mass, a
future observation would allow to probe both hierarchies (for a spectrum compatible with cosmo-
logical constraints). For the low mass regime (m4 . 0.1 GeV), future 0ν2β experiments can only
probe regions of the parameter space that would require considering a non-standard cosmology.
As shown in our analysis, and under the assumption that sterile neutrinos are present, a signal in
0ν2β decay future experiments does not necessarily imply an IH for the light neutrino spectrum.
Finally, we have shown that having |∆(aµ)| within the 3σ interval and a possible observation of
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0ν2β decay in the next generation of dedicated experiments, requires invoking a non-standard
cosmology.
The analysis of the ISS scenario revealed that a contribution within the 3σ interval for |∆(aµ)|
is indeed possible, albeit corresponding to a very small fraction of the phenomenological viable
ISS parameter space (and only for the IH case), as the most promising regions are excluded due
to excessively large values of ∆rK . Regarding |mee|, and contrary to other low-scale models of
neutrino mass generation, in the considered ISS configuration both hierarchies (IH and NH) can
account for an observation in near future facilities. We have also argued that should an ISS
mechanism be indeed at the origin of neutrino mass generation, a realisation accounting for a
near future observation of a neutrinoless double beta decay signal cannot alleviate the tension in
(g − 2)µ, not even at the 3σ level.
Finally, the contribution to the electron and tau magnetic moments lies in both cases beyond
experimental reach.
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